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From PROTOPLANETARY DISKS to PLANETS 
Credit: C. Burrows (STScI & ESA), M. Robberto (NASA, ESA)  
NASA Ames/JPL-Caltech
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Current/Past Capabilities: 
Resolved Transition Disks 
Just Beginning: Resolving 
Giant Planet Formation 
OBSERVATIONALLY RESOLVING the SCALES of PLANET FORMATION 
~1 AU Resolution! 
Credit: S. Andrews (Harvard-Smithsonian CfA); 
B. Saxton (NRAO/AUI/NSF); ALMA (ESO/
NAOJ/NRAO); Andrews et al. 2016 
To compile a complete picture of planet 
formation, we need to observe and 
characterize young embedded protoplanets 
in situ. 
PLANET-DISK INTERACTIONS 
30 MEarth Companion 
Kley & Nelson 2012 ARAA 
DISK HEATING BY YOUNG PLANETS 
Planet accretes at Ṁp 
Energy dispersed as: 
 
    Lacc ~ GṀpMp/Rp	
 
Typical Lacc ~ 10-3-10-5 Lsun.  
Wolf & D’Angelo 2005 
ALMA can detect planetary 
accumulations of dust at 900 GHz/
0.3mm in ~8hr at 0.02’’ resolution. 
 
Including heating via 
Lacc further enhances 
detectability by ~30%. 
‣ Do young, self-luminous planets induce distinct, chemical 
signatures on their parent protoplanetary disk? 
‣ Observations of molecular lines provide key velocity, 
temperature and environmental information... 
DETECTING SELF-LUMINOUS PLANETS 
THE PHYSICAL STRUCTURE 
Simple gas 
prescription, 
uniform gas-to-
dust. 
Σg ∝ r-1, h ∝ r-1.1 
Rd = 0.2-100 AU 
Md = 0.01 M⊙ 
RHill = dp (Mp/3M✴)1/3 
THE PHYSICAL STRUCTURE 
Heating by the central star,  M✴ ︎= 1 M⊙, 
R✴ ︎= 2 R⊙, Teff~4000 K. 
Heating by the luminous planet,  
Mp= 1 MJup, Rp= 3 RJup, Ṁp = 10-8 M⊙/yr 
Lacc = 5x10-4 L⊙➙ Teff ~1500 K. 
THE PHYSICAL STRUCTURE 
THE PHYSICAL STRUCTURE 
Ices in 
abundance... 
Ices in 
abundance... 
Thermal desorption 
near planet? 
THE PHYSICAL STRUCTURE 
THE PHYSICAL STRUCTURE: TORUS 
‣ Thermal structure 
calculated using the 
radiative equilibrium 
solver in TORUS. 
‣ AMR grid refined in the 
inner disk and in the 
circumplanetary region.  
THE PHYSICAL STRUCTURE: SNOW LINES 
dp = 5 AU 
dp = 10 AU 
dp = 20 AU 
dp = 30 AU 
Four planet 
locations. 
THE PHYSICAL STRUCTURE: SNOW LINES 
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dp = 30 AU 
Four planet 
locations. 
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THE PHYSICAL STRUCTURE: 3D to 2D 
Height 
Goal: isolate “signpost” molecules, conduct an unbiased search 
for species tracing planet heating. 
Anti-planet 
Planet 
THE PHYSICAL STRUCTURE: 3D to 2D 
THE CHEMICAL CALCULATIONS 
‣  1+1D treatment (radii treated independently) developed as part of Jeffrey 
Fogel’s PhD thesis (2012). 
‣  X-ray/UV assumed axisymmetric, calculated using Bethell & Bergin 
2011a,b.  
‣  Thermal structure is fully 3D 
‣  Time evolving, abundances are examined at 1 Myr.  
‣  two-body reactions,  
‣  photodissociation,  
‣  photoionization,  
‣  ion-neutral reactions,  
‣  grain-surface chemistry,  
‣  charged grain/electron-ion recombination, 
‣  and more. 
CHEMICAL ANALYSIS & RESULTS 
Goal: isolate “signpost” molecules, conduct an unbiased search for 
species tracing planet heating. 
Chemistry is sensitive to the planet heating, but 
what about line emission? 
CHEMICAL ANALYSIS & RESULTS 
EMISSION MODELING 
‣ LIME line emission modeling 
(Brinch & Hogerheijde 2010). 
‣ Focused on transitions of HCN 
and H13CN, J=4-3, J=8-7 (LTE 
only).   
‣ Planet confirmed detectable in 
HCN (with infinite resolution and 
sensitivity). 
H13CN, J=4-3 Emission 
... and detectable with ALMA, with 8 hours of integration. 
Fu
ll 
D
isk
 
A
zi
m
ut
ha
l 
A
ve
ra
ge
 
Re
sid
ua
ls 
ALMA PREDICTIONS: Gas phase signature is detectable! 
Face-on, 
d=100pc 
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... and detectable with ALMA, with 8 hours of integration. 
ALMA PREDICTIONS: Gas phase signature is detectable! 
Face-on, 
d=100pc 
MODEL LIMITATIONS/FUTURE DIRECTIONS 
1 
Non-uniform planet accretion. 2 
Chemical timescales and rotation. 
MODEL LIMITATIONS: CHEMICAL TIMESCALES 
‣ Simple picture using disk slices, but 
the disk is rotating. 
‣  trad. eq. << torb. Planet heating is 
“local.” 
‣ But chemistry? Depends on the 
formation/destruction times.  
‣ Freeze-out and desorption are 
rapid,  tdestroy << 1 year at 10 AU. 
‣ CH4 and CS altered by gas phase 
chemistry, slow chemical processing. 
Planet 
Anti-Planet 
DISK ROTATION 
Step 1: Step 2: 
P P G 
G 
“Fast timescales” approximation 
(Cleeves, Bergin & Harries 2015.) 
“Temperature perturbation” 
approximation 
GP 
‣ In the rest frame of the gas parcel, the planet’s 
heating is a periodic perturbation on the local 
thermal conditions.  
‣ Gas closer to the planet experiences larger 
variations but less frequently. 
Rp = 10 AU 
Gas close to the planet Gas further from the planet 
TEMPERATURE PROFILE FITTING 
DISK ROTATION & CHEMICAL STRUCTURE 
Tdest << Torb Tdest ~ Torb Tdest >> Torb 
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At a given (R,Z) location, calculate chemistry without 
a planet (0.1 Myr). 
Turn on temperature perturbations. 
Examine signatures, rings, chemical arms? 
TEMPERATURE IMPLEMENTATION 
PRELIMINARY RESULTS (Rp = 10 AU) 
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C
ha
ng
e 
in
 C
ol
um
n 
D
en
sit
y 
HCN 
PRELIMINARY RESULTS (Rp = 10 AU) 
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FUTURE WORK: UNSTEADY ACCRETION 
Calculations done 
assuming the high 
end of quiescent 
accretion,         
Ṁp=10-8 M☉/yr. 
See Shabram & Boley 2013, Lubow & Martin 2012 
 
Accretion higher 
initially, 
outbursts? 
Credit: S. Andrews (Harvard-Smithsonian CfA); B. 
Saxton (NRAO/AUI/NSF); ALMA (ESO/NAOJ/NRAO); 
Andrews et al. 2016 
Dust evolution 
near snow lines? 
Let’s go look for planets! 
Gaps shepherded at planets? 
MHD effects? 
Summary 
Thermal desorption of ices due to embedded planet heating 
is a detectable effect. 
Lines provide important physical information (kinetic, 
temperature, etc.). 
Molecular rings and arcs can arise when the chemical 
“destruction” time is long relative to the orbital period.  
Applying new kind of short-period time domain interaction 
of physical evolution with chemistry. 
Interested? See Cleeves, Bergin, & Harries, 2015, ApJ, 807, 
2 for more details! 
Thank You! 
